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FOREWC:LD

This repost covers the progress made durirg the second year of
a research program conducted by the Departraent of Aerospace En-
gineering, The University of Michigan, Ann Arbor, Michigan under
Contract r08635-71-C-0083 with the Air Forc=2 Armament Laboratory,
Eglin Air Force Base, Florida. Lieutenant Richard E. Swanson and
Captain Harold F. Klaus (DLIF) served as project managers for the
Armament Laboratory. The research was directed by Prouiessor J.A.
Nichnlls. This effort was conducted during the veriod from January 22,
1972 to January 21, 1973.

This technical report has been reviewed and is approved

G, i

F. RAMON BUNANNO, Lt Colonel, USAF
Acting Chief, Flame, Incendiary and Explosives Division
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theoretical values.

ABSTRACT

This report covers progress made in the second year of the resear...

program. The first part of the report is devoted to a generalized analyt-
ical prediction of the ground impulse that can be obtained from a bhlast
wave, detonation wave, and an idealized fuel-air expiosion. The latter
consists of blast wave bekavior for radius, r, less than a critical radius,
r*, and Chapman-Jouguet detonation for r > r*.
the finite diameter of the cloud with the attendant sheck wave propagation
beyond the cloud has not been taken into account. The latter part of this
report is devoted to the experimental aspects.
facility for generating cylindrical shock waves and detonation waves are
«iescribed. Controlled experiments on cylindrical blast waves with the
associated data reduction techniques are discussed. The results are in-
terpreted to yield a calibration on the effective energy release of the
initiating charge of Detasheet. Two phase cylindrical detonation experi-
ments were also conducted using a highly refined fraction of kerosene.

The results indicate that at small radius blast wave behavior predominated
whereas at larger radius a constant velocity detonation was reaiized when
the initiation energy was sufficiently high. The experimentally determined
transition radius between the two types of behavior agreed very well with
Cylindrical detonations in gaseous MAPP-2ir mixtures
were also studied. The variation in threshold energy required for initia-
tion as well as rich and lean limits were established. The results agree

very well with large scale field tests.
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In all cases so far,

Improvements in the

| Distribution iimited to U.S. Government agencies cnly;
this report documents test and evaluation; distribution

! limitation applied June 1973. Other requests for this
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SECTION I

INTRODUCTION

The aim of this research program is to gain a better vaderstanding
of the unconfined explosion of detonatable clouds. Particalar atiention
is given to the liquid fuel-air explosion. An analytical model of such
explosicns which would be -apable of predicting the pressure and velocity
field, impulses generated, and desirablé characteristics of the fuel has
not been av@le. Accordingly, one phase of this research has been
directed to gaining such an understanding. The progress on this phase
is described in the next section.

On the experimental side, controlled studies of cylindrical and/ or
spherical heterogeneous detonations had not been conducted. Thus,the
second phase of this research is concerned with experimental studies

on a Iaboratory model of a fuel-air explosion. This work is described

in Section .




T e s A

A

il

SECTION II

THE GROUND IMPULSE FROM BLAST WAVES, DETONATIONS,
AND AN IDEAL FUEL-AIR EXPLOSION
A. INTRODUCTION

In the establishment of a fuel-air explosion (FAE), liquid fuel in an
appropriate container is dispersed into the atmosphere as a cloud of fine
droplets by the detonation of a primary charge. An appropriately placed
and timed secondary explosion is then used to detonate ti’liS cloud of fuel
droplets. Methods of computing the ground impulse generated by an ideal-
ized model of such a FAE are developed in this report.

The shape of the fuel cloud and the distribution of fuel within it
which,in turn, will have an important effect on tke ground impulse, will
generally be quite complex and depend upon the method of fuel dispersal.
Here an idealized FAE with cylindrical symmetry and a uniform distri-
bution of fuel is considered. A cylindrical blast wave iniiiated at the
center of the cloud sets off the detonation. This ideal ized model provides
a starting point for the consideration of other FAE phenomena.

At first the idealized FAE behaves like a strong cylindrical blast
wave but later the behavior approaches that c¢f a cylindrical Chapman-
Jouguet (C-J) detonation. Universal formulas for computing the total
ground impulse gen erated by blast waves and C-J waves are first developed
below. Then it is shown how these relations can be combined to compute
the ground impulse generated by an ideal FAE. Details of the computations

are presented in Appendix I.
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B. IDEALIZED MODEL OF THE FAE

The model of the FAE considered here consists of a cioud of uni-~
formly distributed fuel droplets or gaseous fuel adjacent to the ground
plane, and of sufficient heighi so that the etfect of side relief can be
neglected. The secondary blast is initiated by the instantaneous release
of explosive along the axis of symmetry of the FAE. The secondary
biast wave and the subsequent C-J detonation will thus be cylindrical
and will propagate radially outward from the axis of symmetry. The
idealized FAF is shown in Figure 1 and is equivalent to 2 cylindrical. FAE
of finite height but confined between two non-yielding parailel surfaces.
It has been possible to simulate such an idealized FAE in the laboratory
(Nicholls et al.(%.

Blast initiation of a detonation, which corresponds to the initial phase
of a FAE, has been considered by Koroheinikox,;‘{2 and Bach et al@ among
others. Initially the flow is dominated by the strong secondary blast
wave while the energy released by combustion has a negligible effect.
The blast wave decays rapidly, and if the blast energy is large enough,
a C-J detonation is established. This transition from blast wave to
detonation occurs in the neighborhood of the radiu:s r, where the blast
energy )@ o is equal to the combustion energy release withinr_, i.e., in
the region r < r_. The radius r, plays a key role in the blast initiation

of detonations and is sometimes referred to as the critical blast wave radius.
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If Q is the combustion energy released in the fuel cloud per unit
mass of mixture and if Eo is the secondary blast energy re¢leased per
unit length on the axis of symmetry, then r, will be defized by the relation

2
Eozﬂr* pIQ (1)

where Py is the initia! density of the fuel cloud. Thus

5\
r, =(ﬂ - Q) (2

for a cylindrical wave. In general, with v=1, 2, and 3 for plane, cylin-

drical, and spherical symmetry

r=WE /o Qp) ' (3

E o is now the blast energy released per unit area, length, or the total
energy released at a point in tne spherical v = 3 case. The geometric
factor °, is given by

0v=2(v-1)7r+(v-2)(v-3)

and av=2, 27, 47 forv=1, 2, 3.

Initiz’ly when r_ < r,, where r,, is the radius of the catward propa-
gating blast or detonation, the FAE is essentially a strong blast wave and
can be described by the self similar solution of Sedm@and Taylo (5).

When r_ 2> r, the FAE becomes a C-J wave which can also be described

[+))
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by a self-similar solution of the conservation equations. In the transi-
tional region r_ ~ r, neither the blast wave or the C-J similarity solu-
tions will be valid. A semi-empirical theory for flow in this transitional
region has been developed by Bach et a@
In the idealized model of the FAE the complications which arise in
the transitional region are ignored by assuming that the FAE can be
described by the self-similar strong blast wave soluticn when r <r,
and by the self-similar colution for 2 C-J detonation when r_ > r,. This
approximation is a key feature of the idealized FAE and leads to great
simplification. Experiments(l) indicate that the transition from blast to
detonative behavior occurs very rapidly near I~ Ty Thus, neglect of
the detai’s of the transition should result in only minor errors in the
determination of FAE propagation and impulse.
It can be seen fromgquations (2) and (3) that the critical blast wave
radius r, depends on both the secondary blast energy E o and the heat
release © of the fuel. Unless Eo exceeds a certain minimum initiation
energy (Eq) crit? the secondary blast will decay -0 an acoustic wave and
the fuel cloud will fail to detonate. As indicated in Reference 1, (E o)crit will
depend upon the structure of the detomtion wave, and with the present
state of knowledge actual values of (Eo)crit can only be determined experi-
mentally. In an actual FAE device Eo > (Eq) crit in general. Precise

determination of Q requires detailed calculation of the equilibrium




e Jl" il N

composition of the combustion products behind the C-J detonation.
However, as shown in Reference 1, remarkably accurate results can be
obtained for the jump condition across detonations if the perfect gas
equation is used both upstream and downstream of the C-J discontinuity
with, however, different values of molecular weight and the ratio of

specific heats. Then

C2

e @
2y s - 1)

Q=

where C is the velocity of propagation and Yy is the ratic of specific heats
of the combustion products. With Equation (4) the expression for r_ can also

be written in the form

5 1/v
2v Eo (72 - 1).1
. 2
g, P C J

The self-similar blast wave and C-J solutions are patchea together

(5

T, =

when r_ =1, in the idealized FAE model described above. This means
that the entire flow field r < rg corresponds to that of a blast wave when
rg < 'r, and to that of a C-J detonation when r, > r,. The pressures
Py behind the blast wave and p cJ behind a C-J detonation are not equal

at the point of transition T =T, but are of the same order of magnitude.

From the simple theory for C-J detonaticns




(6)

CT1

1
Py

1>Q

Peg ., (T2”

—— 'y

is independent of radius and depends only on the fuel and the
The blast wave pressure

1€ Pny
properties of the unburned and burned gases.
shock radius Iy and from the self-similar

i
g

(7

Py decreases with increas

1
blast wave theory” is given by
E
0

8p
= 1 I
P2 =90y + D !pla(v, A s

The parameter aly, v) is a function of y and v and is plotted in Figure 2.

-V

\
}

Letting p* be the value of Py corresponding to r =T, and introducing

the expression (3) for r. inEquation (7) then yields

73 *
7z p2 _ 40’v
= Poy (W+2valy, + Dy, -1)
Taking Y= 1.4, Yo = 1.2, a = 1.0, Equation (8) yields the following result
1 2 3

v
py*/bgy | 185 1.64 139

so that the blast and C-J pressures are indeed of the same order of

e

magnitude when r g°T

.
In order to determine the ground impulse generated by an ideal FAE,
it is necessary to determine the ground impulse of a strong blast wave and

of a C-J wave as described below.
8
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C. TOTAL GROUND IMPULSE

1. Integral for the Impulse

The pressure, p, within the leading shock of a FAE, i.e. in the region
r < r will be a function of the radial distance r from the blast center
and of time t. If Py ic the ambient pressure ahead of the FAE, then the
ground impulse genrerated by the FAE per unit area at a given point dur-
ing time interval dt is (p - pl) dt. The total impulse in the region r <rs

generated during interval dt is given by the integral
r.(®

] [p(r, t) - plj 27 r dr) dt

0
The upper limit T is as indicated, a function of time. Finally, the total
ground impulse, I{t), at time t after the initiation of the secondary blast
on the axis of symmetry will be

14 I‘s(t)

) = 27.'/[ [p(r,t) - pl] r dr dt (9)
00

It is often also of interest to determine the ground impulse generated
by a planar and spherical wave. In the planar case the secondary.blast
is initiated on the plane r =0 where now r is the distance from blast
center. In the planar case, » = 1, r is a Cartesian Coordinate and can

nave positive ana negative values. As shown in Figure 3, two planar blast

10
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or detonation waves { ropag
- r directions. T
various bag tests. The tot

is given by

= 8
s 2o
H s
o = 2
g“i
E =4

The factor of 2 in Equaticen (10

directions.

Now, however pir, & and r _{#§ correspond to

he planar configuration

In general evaluation of «ne impulse

J
a
&,
&
y
B
2
Q
5
&
4
0
a

sionless radius A = r 'v_ actordi

in

=
=~

a
53
3
1
B
D
4
é
g
H
&
®
'
Y
&,
o}

wave with the secondary

{as shown in Figure 4} stiil

s still given by Equetion (9).

wave.
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r

P, (A, V) is a universal function of X which depends only on the ratio of

Bl
specific heats », and on the geometry oi the wave, i.e., on v. The radius

r S(t) of the shock front is given by

{___o v+2 -
rs(t) = ) a0 t v=1,2,3 (12

The function a(y, v), which also occurs in Equation (7) for Pys is shown
ir Figure 2.
Neglecting Py and introducing the variables A and P the inner inte-

gral in Equations (9) and (10) becomes

1 2.2

v-1 s A el .
7, pr dr=o Py —?——- Pb(A, V) \rsA) r da (13
0

where Equation (13) reduces to the planar and cylindrical forms for v = 1,2.

Upon introducing Equation (i2) for rs(t), Equation (13) becomes

E 7

s
v-1 . "o v+l
ov/ pr dr = A ch Pb(z\, V) AT d (14)
0 0




The integral in Equation (14) is a universal function of y and v and
can be evaluated from the blast wave solution, as shown in Appendix I.
Integration with respect to time t now yields the following result for

blast wave ground impuise

it) =0 B S04,

vEoaf )t v=12 (15)

1
80 = [ Py0, DA a

For planar and cylindrical blast waves the ground impulse thus varies
linearly with time and is proportional to the blast energy. The universal
function B{y, v) is plotted in Figure 5, while Figure 6 shows the varia-
tion of o l,B/ a which is equivalent to a dimensionless impulse I(t)/ Et.

In the planar, v = 1, case I(t) is the impulse on a strip of ground of

unit width. The values of a(y,v), B(y,v), and ol/B/a are tabulated in
Table 1.
For a spherical blast wave which, however, acts on a circular

region of the ground as shown in Figure 4, the results are somewhat

different. Equation (11) relation p to Pb()\, v) remains valid. Now,

- however, the inner integral of Equation (9) becomes

r.t) 1 rsz 22
2r §  prar=21 Jp -S—P A, 3rar @ (16)
0 0 t

15
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TABLE I. BLAST WAVE
(a) Values ofafly, v)
¥ r=1.0 v=2.0 v=73.0
1.1 2.9383 2.6448 2.2997
1.2 1.9114 1.7622 1.5383
1.3 1.362¢ 1.2661 1.1005
1.4 1.0264 0. 9666 0.8428
1.5 0.8163 0.7711 0.6743
1.6 0.6695 0.6346 0.5572
1.7 0.5619 0. 5356 0.4716 |
() Values of B(y, V)

¥ v=1.0 v=2.0 v=3.0
1.1 0.20822 0. 05857 0.03669
1.2 0.19613 0. 05521 0.03397
1.3 0. 18557 0.05230 0.03169
1.4 | 0.17621 0.04972 0.02973
1.5 0.16784 | 0.04743 0. 02803
1.6 0.16028 | 0.04536 0.02654
1.7 0.154342 | 0.04349 0. 02522

{c) Values of Dimensionless Impulse Function vs y

. BO) 10 _B6)
v afy) 3" 4/5
ay)
Y v=1.0 v=2.0 v=3.0
1.1 0.14173 0.13914 0.197348
1.2 0.205z3 ' 0.19687 0.252606
1.3 0.27250 0.25%54 0. 307340
1.4 0. 34336 0. 32322 0. 356979
1.5 0.41121 0.38544 0.402344
1.6 0.47884 0. 44916 0. 443792
1.7 0. 54611 0.51020 0. 481910




Now, however

1/5
Y E. EO 2/ 5
LB\() s— t
pa
so that Equation (16) becomes
rS(t) . 4/5
Eol  .-2/5 3
27 prdr=21rp1—— t P (A3 A" dr (16a)

pIa b
0 0
After integration with respect to time the spherical blast wave ground
impulse becomes
10 b, .3/5
=1 K =5 7p, (E_/ap )4/ Bly, It / (17
= 3 "1Vl
j_: where B(y, 3) is again defined by Equation (15), but nos Pb(A,S) corxresponds to
_ the spherical blast wave soiution. Ihe function 8(y, ) for v = 8 and the
= normalized impulse
(1) _10 83 (18)
3/5 4/5 3 : /5
E £/ py (E /p)T [a(r, 3)]4
X 170"
- are plotted in Figures 5 and 6.

Using Equation (12) for r_(t) the formulas for 1{t) may 4lso be espressed

T

in terms of the blast radius Iy @ form more useful in certain apptica-

tions. Thus,forv=1,2

|
L

19
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p v+2/2
o 1 B(v, v) ro / (19

I(rs) =0,
while for the spherical case v = 3
E 1/2

=\ 10 0 3/2
I(I‘S) =3 TP &-51‘ Bly, 3) ry (20)

The above relations for computing blast wave ground impulse are

summarized in Table TI below.

TABLE il. RELATIONS FOR COMPUTING BLAST WAVE
GROUND IMPULSE

v (t) _I(rs)
p\1/2
/
1 or By of 01 5. 3/2
oa (s ] / S
2 amE Bt o E°p11/23r2
"Toa o s
4/5 1/2
. w0 (F\ a2 | 10 Fefi\T o sy
37 T ppa 3\ « s

Knowing o and g from Figures 2 and 5, I(t) and T(rs) can now be readily

calculated for any E o and Py

20
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3. Ground Impulse from a Chapman-Jouguet Detonation

The ground impulse generated by a C-J detonation is also given
by Equations (9) and (10). Now, however, the ambient pressure Py is no
longer negligible compared to the pressure behind the detonation front.
The self similar solution for a C-J detonation, which is discussed in detail
in Reference 1 can be used to reduce the impulse integral [ (Equations (9)
and(10))] to a relatively simple form.

As before,a dimensionless pressure P d(A, V) is defined by

2
r

where A= r/rS

In contrast to the blast wave, a detonation front propagates with a constant
velocity C so that

r = Ct (21)

Introducing the similarity variables the inner integral in Equations (9)

and (10) becomes




M‘G@%‘ e R
= s —a —&%@‘:ﬁnw

p
=0 p el p (v Vo - 1 val,2 (22)
v 1 d 2 ) >
Py C v

T
i il

The Mach number, MD of the detonation is given by

Sl

“p° M <P1; Py
where vy 18 the ratio of specific heats of the unburned fuel. Hence, the

ground impulse T(H) will be given by

¢ p CV+2tv+1 1 “l
—I(t)= ? 1V+1 [Pd\k 1)) }\y+1dA____1__ ,U=1,2 (23)

2 »

0 v 7y Mp J

For a spherical detonation the ground impulse is given by
27 Py C4 t3 ( 1

3 1
O ftpd(x,3)x dx-————z (24)

0 2vy Mp,

s

() =

The integral which appears in Equations (22)and (23), and which is
denoted by

22
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Bl

1
5(g, 1) =f P, v) 2V an v=1,2
0

. (25)

1
5(vy,3) = / Py, 3) 23 ax v=3
0

depends upon the ratio of specific heats, Vg of the combustion preducts,
upon the geometry of the detonation, and, weakly, upon the detonation
Mach number, MD The computation of 6(-y2, 1) is discussed in detail
in Appendix 17,

The ground impulse also cai be expressed as a function of the det-

onation radius rs so that

v+l
- o,P CTg 1
Kr) = 6(ry, V) -—— v=1,2 (26)
v+1 2 2
vy Mp
and for spherical waves
3
27 Py C Ty 1

T(I‘S) =3 5(‘)’2,3) - v=3 . (27

2
2 My
The expressions for the ground impuise generated by a C-J detonation
are summarized in Table II1.
The detonation velocity C, Mach number, MD’ ratio of specific

heats Y9s and the jump in pressure, density,and temperature across

‘he detornation are required iu order to compute 5()'2, v) and the ground

I
st bl e e U »\\U\M }
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impulse I¢t) or _I(rs) from the above relations. In other words, the
Chapman-Jjouguet conditions must be computed and, of course, vary
with the fuel used and with the mixture ratio. Precise determination of

the C-J conditions is tedious since the equilibrium composition of the

.combustion products must bz determined. Fortunately Gordon and

McBride ©) have developed a very efficient computer progsram for making
such calculations, and this program has been used to determine the C-J
conditions for gaseous air-MAPP and air-methane mixtures as outlined

in Appendiz III. These two fuel-air miitures have been chosen as repre-
sentative of the hydrocarbon fuel-air mixtures which might be used in FAE's.
The detonation iaarameters for methane and MAPP-air mixtures are shown
in Figures 7 and 8 and tabulated in Table IV.

The function 6@2, V) has been calculated for both air-methane and
2ir-MAPP mixtures. For the two fuels considered, 7o Tanges between
1.16 and 1. 31 while MD is between 4.0 and 5.0, and over this range
6()12, v) is almost independent of 0% and the mixture ratio ¢. In fact,
oy 97 v} depends only on v for CH 4 and MAPP, and the average value of
6(72, V) is given in Table V below. The values of 79 and MD ave typical
of most hydrocarbon air C-J detcnations; hence, the values of 6(}:2, v)

in Table V can be used to compute the impulse for hydrocarbon-air

C-J detonations, in general, with reasonable accuracy.
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AVERAGE VALUE OF

5(72, V)
v 5(72, V) ave
1 0.190
2 0.138
3 0.135

The quantities ) /tv+] forv=1,2 andT(t)/t3 for v = 3 depend vpon

Py C, and MD [ (Equations (23), (24))] and so vary appreciably with the ecuiv-

lence ratio ¢. With thesc impulse functions, which are plotted in Figures 9
and 10, I(t) is readily determined for C-J waves in air methane and air-
MAPP mixtures. It is of interest to note that the peak values of I(t) seem
to occur for rich mixtures with an equivalence ratio of ¢ ~ 1.2 for air

methane and $ = 1.5 for air-MAPP.

Since rS = Ct it follows that

frd T (1 L =1,2 (26)
r v+l tv-‘rl Cv+1 ?

5

and
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4.  Ground Impulse from Ideal Fuel-Air Explosion

As indicated insubsection B, above, the ideal model of a FAE behaves
as a blast wave for ro < r, and as a Chapman-Jouguet Detonation for
ry 2T,

below.

The ground impulse generated by this ideal FAE is determined

A wave with cylindrical symmetry, v = 2, is considered. Then for
T < r, the impulse is simply that due to a blast wave and 1s given by
Equation (19)
1/2

p .
T(rs) = 21:(8?1 1) B rs‘g (19)

When r > r,, the entire FAE flow field is replaced by that due to a

Chapman-Jouguet detonation. Hence the ground impulse is approximated

by
?(_rs} =TCJ(I'S) -_I-CJ(r*) +_Bw(r*‘, (30)

Thus when T =Ty I(rs) corresponds to the blast wave ground impulse,
while with r_ > r,, T(rs) is the ground impulse generated by the blast
wave up to r =T, plus the ground impulse generated by the C-J detona-
tion for r > r,. Subscripts CJ and BW refer to the detonation and blast
wave, respectively.

Using the relations for blast wave and C-J wave impuise Equation {30)

becomes

35
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It is assumed that the blast wave propagates through the unburned gas

so that B(y, 2) is evaluated for y = Yy Using Equation (5) the expression for

r, can also be written in the form

2
2 ZEO(/z "1)

ry =——35 (32)
™¥1P; Mp
The results above can also be expressed in terms of the time t from

the initiation of the secondary blast. Thus, for

t<t, ; TWH=20E_ (B/o)t (RK) P

where t, corresponds to the time at which the blast wave radius reaches

the critical value r,. Thus
op
2 1
t* = I'* (f—) (34)

36
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For t> t,

4
2n p, C
= 1 3
I(t) SR {5(7 1) - —— | (t” - t*g)
3 2 9 M2
"1 ¥
+21E_(B/a) t, (35)

(3]

Sample Computation

At this poiat it is useful to carryout a sample computation. Experi-

ments in the segmented test section described in Reference 1, indicated that

the critical value of Eo to initiate a C-J detonation in an air-MAPP mix-

ture with equivalence ratio ¢ = 0. 563 is
5
E, =4.38x 10" (it-1b) /ft

which is equivalent to 150 gm of Detasheet per foot (using an energy re-

lease of 2911 ft-1b of energy release per gm of Detasheet(]%. for the

above air -MAPP mixture

My, = 4.69 py=2.29x 1073 slug/ft3
¥y =1.30 C = 5320 ft/sec
— a9
'}"2 - 1- 2\1

Then with Py = 14.7 psia, i.e., the sex level atmospheric pressure

5 1/2
2(4.38) x 10" 1b (1.51 - 1)

13,1400 30) (18 D (140 (b/1D (21 9)

1

1.54 ft

37




From Figure 4 oy, 2) = 1.22 where Y1 is the r:..tio of specific

heats of the unburned fuel-air mixture.

From Figure 5 B(y,v) =8(1.,2) =0.052. Then withr < r, the

blast wave impulse from Equation (19) becomes

R

(E0p1 2 2

I(rs) = 2‘7\ pe ) 3 rs :
5 _5\1/2
_ 4.38x10” x 2.29 x 10 2
- 6.28( 5 ) (0.052) r_
=3 =9.36r " 1b sec r_in ft
= s s

m

At the critical radius r,

2

2
Iow(s) =936 1,7 = 9.36(1.54 = 22.2 b sec

The next step is to compute the impulse ?CJ(rS) generated by the

detonation through the air-MAPP mixture. ?CJ(rs) is given by

27 pl C rs 1 ‘;

I AP L . _
Iogfr Y =—— 5y, 2 (26)

274 MD2

As indicated in the discussion above,ﬁ(}-'z, V) is essentially independent

of ¥q SO that the average value 5(}'2, 2) = 0.138 can be used. Then

il

VA b e b

38




- -3
) - 6. 28(2.29)(1?? 0)(5.32)(103) 0.138 - —— 1 > 3
s : [ 2.0(1.30)(4.69)°] S

-3.06r Jlbsec r_ inft
s s
At the critical radius r,
ICJ(r*) =11.19 b sec

Using Equations {19) ané (30) the ground impulse of an ideal FAE

in air-MAPP with ¢ = 0. 563 will be
- 2
It )=9.36r " b sec
s s

Ic_ =3.06r 3. 11.19 + 22.3
S S

=(3,06rs3+11.11bsec 3 Ig > T

*

The variation of I(rs) with T, for the ideal FAE consicdered here is

shown in Figure 11.

From Equations (33) and (358) the impulse expressed as a function

of time becomes

) = (.17 x 10° t) Ib sec .t < 1.88x 10 % sec

|H i ‘|| i

1) = (4.60x10 3+ 19.3) bsec : t > 1.88x 10" % sec

s The variation of I{t) with t is shown in Figure 12.
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D. DISCUSSION

Simple relations are presented above for the computation of the
total ground impulse generated by an idealized FAE. Given the detona-
tion properties and the energy released by the secondary blast, the rela-
tions presented here permit computation of ground impulse with minimal
effort.

The idealized FAE involves a number of approximations. The self-

similar strong blast "vave solution (4,5)

is used to represent the secondary
blast. The perfect gas assumption is used in the region behind the lead-
ing shock, back pressure is neglected, and no attempt is made to assess
how the method of blast initiation affects the wave. As indicated by
Brode, Glass, and Oppenheim(7), this self-similar blast wave solution
provides only a crude approximation, and with recent advances in nu-
merical computation, more accurate theoretical solutions have become
available. However, the secondary blast energy will generally be
very smail compared to the total energy release in a FAE, i.e., r,,
the critical radius will generally be much smaller than the fuel cloud
radius. In the exaniple treated above r, was only 1.54 feet. Thus, even
though the self-similar blast solution may be crude it has, in any case,
a small infiuence upen the total impulse generated by the FAE, and the
simplicity of this solution makes it very attractive for the model pre-

sented here. It is encouraging that there is good agreement between the

idealized ¥AE ana the tests in the segmented shock tube reported below.

42




il

L

by e

i
P

,"i‘y“;h‘

S e b b e
i il L B ‘J,'dl,{m! i

ol

i

Gy

The side relief due to the inert gas bounding the upper surface of the
cloud is neglected in the ideal FAE. The expansion wave which propagates
from the inert gas into the combustion products behind the C-J detonation
will, no doubt, result in an appreciable drop in the ground impulse gener-
ated by a real FAE. The influence of side relief is currently under
investigation.

Beyond the outer radius of the fuel cloud the FAE will continue to
propagate as a decaying shock wave which provides a further contribution
to the ground impuise. The propagation of this wave has been examined

by R. Kiwan(s.

by replacing the C-J detonation by a spherical piston moving
outward with constant velocity and then examining the nature of the wave
development after the piston stops. 'Thc numerical solutions obtained by
Kiwan(‘B) look very similar to the self similar blast wave solution and
suggest that the FAE behavior beyond the fuel cloud may be approxi-
mated by a blast wave with siitably chosen initial conditions. This aspect
of the FAFE is also unde_ study.

The secondary blast wave is generated by an explosive line scurce
in this ideal FAE and so has cylindrical symmetry. In an actual FAE
it is more likely that the secondary blast will originate from a cencen-
trated or point source of explosive and so will be spherical. The cetails

of the transition from spherical to cylindrical symmetry during the initia-

tion process will be quite complex and,of course,are not included in the
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idealized FAE. Finally,ground shocks and reflection of the FAE shock
front from the ground in those cases when the fuel cloud is not immediately
adjacent to the ground plane are neglected.

The sample computations and the detonation data presented here have
been determined for fuel in gaseous form. The C-J conditions will be
modified slightly when the fuel is in liquid ferm. This problem, which

is discussed in Reference 1, is under investigation.
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SECTION III

EXPERIMENTAL RESEARCH

A. INTRODUCTION

The current objectives of this phase of the research have been to
resolve in a controlled manner overall propagation details of blast initi-
ated unconfined gas-phase and twe-phase detonations. The functional
dependency of blast wave propagation details upon time and radius and
of detonation wave details upon time, radius, critical threshold energy,
eguivalence rzatio, and fuel properties has been sought. To achieve these
objectives the basic experimental hardware previously described(l) has
been utilized with some additional alterations.
B. EXPERIMENTAL FACILTY

1. Drop Production Technique

The basic method for generating a cloud of fuel drops, employed from
the beginning, has continued to perform satisfactorily. However, problems
stemming from continuous blockage of needles by combustion products
has dictated that an alternate sub-manifold design be chosen. Shown in
Figure 13 is one such assembly of the new design. The essential improve-
mert of this design lies with its use of hypodermic needles which may be
individually replaced in the event of blockage. This will not completely

zliminate the needle plugging problem but will previde a much easier

technique for correcting for it.
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2. Instrumentation

Work has continued with improving and expanding chamber instrumen-
tation. Through these »fforts notable improvements in data regularity
have been observed. The pressure transducers initially employed are con-
tinuing to give satisfactory data. The pressuvre switches described in the
previous report, which were employed as time-of-arrival devices, have,
however, been replaced with others of an alternate design. Figure 14is
a drawing of the switch now Jeing used. The primury advantages of this
alternate design are its much higher reiiability and ease of refurbishment.
The design and development of heat transfer gages were initinted during this
period. Some hardware is currently being tested, but a usable design has
not yet been established.

Likewise, during the period vf this report the design and construc-
tion of hardware to allow an optical study of the wave processes was begun.
Initially, a design was attempted wlich made use of chamber windows of
the size of the entire chamber side plates. This design met with little
success. Thus,a new design was arrived at and hardware was subsequently
obtained.

Figure 15 is an exploded view of thi new chamber side plates and

Pyrex windows which cumprise the propused design. The practical feasi-

bility of this hardware shall be examined ‘hrough subsequent tests.
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3. Gas-Phase Detonation Facility

Gas-phase detonation studies were carried cut during the pericd
encompassed by ihis report. In recent years some investigations have
been made in an attempt to establish the dependency of r.ilical threshold
energy for detonation initiation as a functica of the concentration of MAPP
(hydrocarbon gas)-air mixtures. Among these investigations were he
tests performed in the confinement of the Crawshaw-Jones Apparatu_ggg
the bag tests of Bewedick et ag.mz and the bag tests of Collins(1 1? The
investigations performed in the Crawshaw-Jonec Apparatus reported
functional dependencies of detonation limits upon initiation energy
which largely went unsupported by the latter two investigations. The
two bag test studies were of the same vnconfined nature and produced

nearly identical results.

It is apparent that the degree of coniinement of the experimental
apparatis nas an e:fect uponthe determineddetonation niliation limiis.
Hence, it wac of much interest to undertake MAPP-air detcnation tests
in order to establish conclusively the unconiining nature of the sectored
chamber and hence its utility to the determination of fundamental in-
formatien. This information is of general interest but also of particuiar
interest to the Air Force and FAE problem.
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The gas used in these tests was MAPP, a hydrocarbon gas com-
prised of methyl acetylene, propane, and propadiene gases. Some
results of this study are presenied and discussed in sub-Section C
of Section IlI.

Some modifications to the basic sectored chamber were necessary,
and additional support hardware was required. A schematic of the
gas-phase detonation apparatus is given in Figure 16. Shown in
Figure 17 are the major components of the support hardware. The
system emploved used 2 MAPP-air reservoir wherein a given concentra-
tion of MAPF and air could be pre-mixed. The reservoir, which had
a volume of one cubic foot, was charged to 60 psig and contained
enough 1aixture to allow completion of up to fifteen exXperimenial runs.
This provided enough MAPP-2ir mixturz to allow completion of runs at
each concentration with bu. 1 single charging of the reservoir.

Several constraints on the handling of MAPP in such reservoir
system had to be satisfied prior to successful operaticn. One such
constraint required that if the condensed phase was to be avoided the

storage pressure oi MAPP must be below 80 to 100 psig for 2 temperature
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between 60 to 80° F. Hence, the reser:oir was charged to 60 psig io ensure

the MAPP gas and air would mix uniformly and remain so throughout the
duration of the runs. An additional constraint required thai the MAPP
gas cylinder, containing the fuel in its condensed phase, bz positioned
in its inverted position.

When vapor is removed irom a vessel containing a liquid hyvdrocarbon

mixture, a simple batch distillation without reclification (calied weathering)

b

occurs. The compositions of liquid in equilibrium with vapor for the

weathering of a stabilized MAPP mixture have been determined by cther
(12,13, 14) . . iii1s .
researchers ¢ Their results demonstrate the potential hazarcs

with the weathering of MAPP mixtures. Hence in order io avoid non-

uniform MAPP compositions and unnecessary safety hazards stemming

nyveried

from unstabilized MAPP, liquid MAPP was metered from its

ool 4

¢

storage cylinder. Only enough liquid was metered out and aliowed to ex-
pand to a vapor as was necessary to achieve a desired pertial pressure
Manr precautions were taken to insure that the desired composition was that
which was obiained in the reservoir. Samples of reservoir chargin
taken and analyzed by gas chromatographic techniques. The degree of success
achieved in obtaining desired MAPP-air cencentrations is shown in Table VI

The sectorec chamber reguired plugs for the holes in the top plate,

through which the capillary needles for the two-phase studies normally

(31}
[1:3




TABLE VL

MAPP -AIR CONCENTRATION< BY . 4LUME AT

WHICZ® TESTS WERE PERFORMED

A

Detired Obtained D:i[;ger:::ée
5.5 9.7 -2.1
8.5 8.5 0.0
7.0 6.8 2.8
6.0 6.0 0.0
4.5 3.3 4.4
2,75 3.8 -1.3
3.3 3.3 0.0
5.0 2.9 3.3
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penetrate.

The chamber also required a fixture at the downstream end to

hold a mylar diaphragm which is replaced for each run. These changes

along with clay packed around the blasting cap leads and silicone sealant

in strategic locations proved to be satisfactory enough to pull the chamber

vacuum down to within 0.2 to 0.5 in. of a hard vacum.

The procedure for a given gas detcnation run was as follows:

1.

7.

Clean chamber of combustion products.

Insert blasting cap——Detasheet initiation charge, secure breech,
and clay packing.

Secure mylar diaphragm.

Evacuate chamber, 20 to 30 minutes.

Recharge to 1 atm with current MAPP-air mixture.

Evacuate all plumbing of MAPP-air mixture from chamber to
reservoir.

Initiate timing sequence to detonate mixture.

C. RESEARCH RESULTS AND DISCUSSION

1. Introduction

Experimental FAE research efforts have remained focused upon

evaluation of the two limiting cases for an FAE model —the strong cylin-

drical blast wave and the cylindrical Chapman-Jouguet detonation wave.

Table VIIgivesa summeary of experimental tests performed during the

period of this report. As shown, further blast wave runs were made with

26
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TABLE VII.

SUMMARY OF EXPERIMENTAL TESTS PERFORMEDN

Run No. Type Expiosive Comments

Charge

(grams)
100-135 Blast Wave 1.0-2.25 Open Breech
200-211 Detonation 0.5-3.0 Kerosene 2-Air
212-217 Blast Wave 0.5 Open Breech
218-282 Detonation 0.5-3.5 Kerosene 2-Air
283-286 Blast Wave 1.0-1.75 Open Breech
287-289 Detonation 1.25 Kerosene 2-Air
290-2309 Blast Wave 1.0-3.0 Closed Breech
310-362 Blast Wave IS)r:tilriators a Open Breech
363-418 Elast Wave g‘:ta;;iatorsa Closed Breech
415-559 Detonation Small MAPP-Air

]

Detonator a-3. 5

aDuPont electric detonators E-94 and E-101 series having energy

releases smaller than generally employed— Atlas detonator.
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both an open and closed breech configuration the distinction being the
presence of a clay plug surrounding the blasting cap ignition wires as they
exit from the breech for the closed breech configuration. The detonation
runs were composed of two basic types, two-phase Kerosene 2-air and
gas-phase MAPP-air. The designation Kerosene 2 is intended to distinguish
it from the previously employed lesser refined fraction, Kerosene 1.

An in-depth analysis of the :. 1st wave data yielded information which
helps to establish the nature of the sectored chamber as an experimental
model of cylindrically propagating waves. Two basic developments followed
from this analysis. An energy efficiency of the sectored chamber was
derived which relates the effective energy release with the calculated
or maximum allowable energy released in the charaber. The second
development stems from a quantitative comparison of experimental blast
wave regression models with strong tiast wave theory, thereby yielding
a behaviorial estimate of wave processes in the sectored chamber. A
presentation and discussion of two-phase and gas-phase detonation results
follow.

2. Blast Wave Results

Experiments conducted in the sectored chamber without fuel present

have continued. In order to make meaningful use of the blast wave data received
from these tests, it was necessary to arrive at a standard reduction technique.

Once established, this technique should yield self-consistent results useful
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in describing the behavior of wave processes in the sectored chamber.
The reduction technique finally chosen begins with a translation of the
rough radius-time data from the raster scope photographs for a given
energy levei. This rough data is then smoothed using a least squares

polynomial regression to the model

) 2
T = 201 +302R1~a03R 27)

Examples of this polynomial smocothing technique are given in Figure 18.
Shown here are radius-time plots for three energy levels 1.0 gram, 1.75
grams, and 3.0 grams of Detasheet. Dispiayed in the plots are thg actual
rough data points and the subsequent least squares fit of Equation (27) to the
data.

Equation @7) with the corresponding calculated coefficients is taken
to represent the experimental data. The equation is then used to comypute
values of t ,as previously described in Reference 1. Recall that t_is the value
of time necessary to relate the experimental data to the imaginary origin.
All time values of the specified energy level are then adjusted by the
computed to. The adjusted data is then subsequently regressed by means

of the least sqguares {it to the following experimental models:

2
T = a,R+a, R 28)
T=b, RZ 29)
C9
T = ¢y R (30)

59




Radlus/10 n,

1 H
0.0 1.0 2.0 3.0 6o S.0
Tlme/100 usec

Figure 18(a). Experimental Blast Wave Data, 1.0 gram
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Figure 18(b). Experimental Blast Wave Data, 1.75 grams
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The reason for selection of these particular models s that the experi-

mental data should reflect second order behavior as predicted by strong
cylindrical blast wave theory. It was further desired to verify that the
comparison be suostantially independent of the choice of ma‘hematical
regression models. Since the data has already beer adjusted t» the imagz-
inary origin, no leading constant.s are necessary. A numerical check
was performed to examine just how clcse to the origin the adjusted 1ata
curves come. For this purpose the adjusted data was again {it to the
mode! of Equation (30) and new to‘s computed. This check in all cases
suggested that an itera.ive process seeking t - Was not necessary as the tO
in the secend run was within a small number of being zero. This entire
data reduction technique was repeated for each energy level as characterized
by a given detonator-Detasheet combination.

During the course of these tests and following data analysis it was
found that the energy release experienced in the sectored chamber was
less than that which may be predicted from a known quantity of Detasheet.
This fact is quite justifiable on the basis that non-ideaiities exist in the
physical model of a cylindrical blast or detonation wave. The significant
deviations from an ideal blast wave model are:

(1) The existence of a physically limiting chamber suggests losses

to the walls.

(2) | nitiation energy release is,in fact not instantaneous as assumed

by theory. It was estimated to be of the or-der of 10 usec.

(3) Initiaticn cnergy is not released uniformiy along a line source.
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The numerical values of energy efficiencies were arrived at through use
of experimental data regressed by the model of Equation (29) and the

general radius-time form of strong cylindrical blast wave theory
given in Equation (31)

7 "1;’;2 2
t= (Eo/ py) r
(31)

f=d, r

1
Since Equations (29) and (31) are of the same general form, any dif-

ferences in radius-time behavior between the two for a given process
relates directly to deviations in their constant ‘coefficients bl and dl‘

1t is clear then that b1 reflects actual behavior while d1 reflects

theoretical behavior in the sectored chamber. This fact can be stated

by the representaiion of b1 and c:l1 as

-1/2
by = {(Eo/ py) ! (32)
L h Jregression
e
d, = |© /072
Jdcalculated

Then Eo and Eo are given by
reg calc

(33)
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An efficiency factor can now be constructed

n_=E /E (34)
G o
reg calc

where the energies are defined by Equations (33). 'I‘hus,EOreg follows

directly from a mathematical regression {0 experimental data, while E, \
calc

is derived from knowledge of th: detonator -Detasheet combination. For
the combination of an Atlas blatting cap yielding 1110. 0 fi-Ibf energy and

X grams of detasheei yielding 2911. 0 fi-1bf/ gram, E o in the sectored
cale

chamber would become

Es = (12.0/ 2. 05)(360;”20}{1110. 0 + 2911 X) ft-lbf_fft (35)
cale

Energy efficiencies can ther be computed for a range of energies for
which experimental blast wave data was taken. Figure 19 gives the results
of this computation for both open and closed breech configurations. It was
deemed necessary to assess the degree which closed breech wave behavior
deviated from the open breech case. The former configuration was
employed in the MAPP-air gas-phase detonation tests. The curve dis-
played is a second order polynomial regression to all the data and was
used to describe the data in subsequent computations. The closed breech
data fell within the data scatter and hence no definite trend of its own
was determined.

In the interest of examining how closely cylindrical behavior was
modeled in the sectored chamber, experimental data was compared with
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strong blast wave theory. A quantitative comparison between experiment
and theory was achieved by making use of the experimental regression
models of Equations(28), (29)and 80 and the following expressions for

cylindrica! blast theory

1/ 4
=(§) {1/2 (36)
Py
1/ 4
__1 /E -1/2 37
Y "'”)("1) ¢ (37)

The energy used in the above theoretical expressions was that given

by Equation (34)and repeated here as

Ecglindrical - Ec:a.k: % ne (ft-Iot/ 1t) (38)

Figures 20, 21,and 22 reveal the radius-time and Mach number-radius
behavior for 0.0, 1.5 and 3.0 grams of Detasheet respectively. Shown
in these figures are the three experimental regression models as com-
pared with strong cylindrical blast wave theory.

All the curves of Figures 20, 21 and 22 are seli-consistent and
substantially in agreement about major behavioral trends. However,
Equation (28), the form for ideal strong cylindrical blast wave behavior,
is seen to give the much better agreement between experiment and theory.
In part this is to be expected because the efiective energy release was

obtained by assuming such behavior. On the other hand, the adjusted
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Blast Wave Mach Number, M
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i0 20 30
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Figure 20(b). Mach Number versus Radius Behavior of Strong Blast
4 Wave Theory and Experimental Regression Models for 0.0 gram o
- Detasheet 'C".
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Figure 22(b). Mach Number versus Radius Behavior of Strong Blast
Wave Theory and Experimental Regression Models for 3.0 gramsof
Detasheet 'C'.
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time coordinate was arrived at by a different technique.

Inasmuch as the theoretical curve involves use of an experimentally
determined efficiency factor, the influence of this value on predictions
was examined. Various polynomial fits to the efficiency data of Figure 19
were assumed and showed little influence on the value of Mg for a given
energy level. Further, variations in ne were assumed and the changes
in theoretical blast wave arrival times, wave velocity, and wave Mach
number were noted. A 10 percent variation in 7 ¢ ledtoa 3to 4 percent
variation in the latter quantities.

It is concluded that the experiments do exhibit the desired cylindrical
behavior and that this characteristic is taken on rather early, say by a
radius of 6 inches.

It is anticipated that the blast wave phase of this research will not
be terminated completely. Periodically additional runs will be made to
gain a good statistical sample for establishing the energy efficiency.

Also a comparison of blast wave pressures and possibly heat transfer

as :unctions of radius is planned.

3. Two-rhase Detonation Results

Experiments nhave been conducted in monodisperse sprays of a highly
refined fraction of Kerosene, subsequently referred to as Kerosene 2,
the oxidizer was air at atmospheric conditions. At this time the controls

exercised upon the conditions of thie detonation runs have been limited to




systematic variations in initiation energy, Eo’ at a fixed global equivalence
to investigate the influence

ratio, ¢,.., for a given fuel. Variations in ¢,

of this parameter upon wave propcrties are easily accommodated and

this is planned for future experiments. Presently detonation runs have

been made at ¢T = 0.63. This figure was calculated on the basis of an
experimentally determined mean drop size of 380 microns. A 5 percent
variation in mean drop size by these calculations produces a 10 percent
variation in ¢T.
The liquid fuels used to date and those with which further experiments
are planned are given in Table VII, along with their more common physical

properties. As expected, the properties of the two kerosene fractions

are very much alike, as are the properties of the two nitropropane types.

In view of this, i-Nitropropanre may be dropped from the experimental

schedule. The Gordon-McBride NASA program which has proved so

useful in the past has been used to derive equivalent gas phase detonation

Plotted in Figures 23, 24, and 25 are these properties for

/

properties.
Kerosene 2, 2-Nitropropane and Propyl Nitrate,respectively. A cursory

=

comparison cf the curves reveals behavioral trends which should be inter-

esting ar7r~ ne expevimentally. Detonation velocities for the two latter
fuels mentioned above tend to effectively plateau for a large range of equiva-

lence ratics. Additionally, the behavior in the pressure ratios of these

Sollows trends considerably different from the fuels which

same two fuels
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are currently being examined. Pre-sure ralio behavior of this type is
partially due to the increased amounts of oxygen present in the reactica.

Reduction of the experimential detonation data proved it te be very

self-consistent and in substantiating agreement with that reported upon
previously. Figures 26 and 27 are characteristic radius-time plois of
detonation data at varving energy leveis for Kerosene 1 and Kerosene 2.
These plots demonstrate the general form of the rough data as well as the
currently employed fourth order polynomial fit to this data. The reason
for selecting a fourth order polynomial was simply that it tended to reflect
wave properties sufficiently well:

i. Slope of r- plot beyond r_ is generally constant for appropriate
energies, if low frequency polynomial generated oscillations
are ignored.

2. Constant detopation velocity is predicted for energies above
the critical threshold energy.
3. Decaying detonation velocity is predicted ior energies below

the critical threshold energy.

1418

. Critical radii is predictec with remarkable aconrac ;.

[+1]

Detonation velocitv similarly predicted with remarkable ac. 2acy.
This technique, however, does possess many disadvantages, none the
least of which is a lack of sensitivity to variaticns in wave velocity. Con-

sequently, work on an alternate detomaiion data regression mode! was

x
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Figure 27(a). Kerosene 2-Air Detonation Data, 0.5 gram

Radlus/10 tn.

3 i
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Figure ®7/b). Kerosene 2-Air Detonation Data, 0.75 gram

L XL

Radius/10 In.

1 1 2 ]
0.0 1.0 2.8 30 .0 5.0
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Figure 27(c). Kerosene 2-Air Detoration Data, 1.0 gram
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Figure 27(d). Kerosene 2-Air Detonation Data, 1.25 grams
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Figure 27(ej. Kerosene 2-Air Detcnation Data, 1.5 grams
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Figure 27(f). Xerosene 2-Air Detonation Data, 2.0 grams
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Kerosene 2-Air Detonation Data, 2.5 grams
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Figure 27(h). Kerosene 2-Air Detlonation Data, 3.0 grams
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Figure 27(i).
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Kerosene 2-Air Detonation Data, 3.5 grams
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undertaken. This regression model, which is not yet completed, makes
use of the method of LaGrange multipliers to minimize the standard
deviation of a least squares curve fit of rough experimental radius-time

data to the following:

2 .
Ti—ao+a1 Ri+a2Ri +€i for Ri < r,

9
and (39)
Ti=;30+13’1Ri+E.1 forRi >r,
The problem is then to compute the constant coefficients @y Xys Ag; Bo,

{31, and the critical radii r, in order to minimize the standard deviation

subject to the constraints that at R, =T,

a, tagly + a2r*2 = BO + Blr*
and (40)
ay + 2&2 %= Bl
The primary advantages to this model are the greater reliability in the
derived critical radii values and the well behaved continuous nature of
the final function T = T(R). The latter point will allow for a more repre-
sentative continuous record of wave propagation velocity.

Figure 28 demonstrates the current technique for obtaining detonation
wave propagation velocity and critical radii. Displayed in Figure 29 and
Table IX are the basic results for Kerosene 1. Figure 29 js a plot cf
two-phase detonation velocity as a function of equivalence ratio and drop

size. The predicted theoretical two-phase velocity was determined by

modifying the equivalent gas phase velocity by a mean velocity deficit.
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Figurc 28(a). Data Reduction Technique, 1.5 grams
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Figure 2§(b). Data Reduction Technique, 2.5 grams
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Recall that velocity deficit is a function of drop size, chamoer hydraulic

radius, fuel. and oxidizing medivm. The mean or average velocity deficits

used in the determination of kerosene snray velocity were computed to be

m..

1.44%. 2.88% and 4.32% for 200 . 400 gz and 600 i drop sizes,respectively.
The experimental values of spray velocity and critical radii are given. The
results appear quite satisfactory. Similarly, Figure 30 and Table X give
the detonation results for Kerosene 2. The comparison between experi-
ment and theory proved to be even more satisfactory than with Kerosene 1.
Definite trends in this comparison are now beginning to show up. Basically,
the difference between experiment and theory becomes wider as the explo-
sive charge is decreased toward the ignition threshold energy. This holds
true for velociiy as well as critical radii data for both kerosene fractions.
Figure 31 displays in a more transparent fashion the fundamental

wave behavior of a Kerosene 2- air detonation as a function ¢f chamber
radial distance and explosive charge. The continuous and expected decay
patterns of the curves up to the critical radii are clearly noticeable. The
trends depicted here are in contrast, but not necessarily in disagreement,
with those reported upon in Figure 48 of the previous annual 1 eport< 1).
The dissimilar decay trends reporied upon therein suffered by virtue of
the fact that no mathematical regression model was available with which to
describe the experimental detonation data. Consequently, velocities were

obtaired by taking slopes of radius-time data curves by observation. Such

90
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energy. During the construction of these curves it was observed that
the vxperimental blast wave rate of decay quickened with increasing
energy. Hence, the deviation of the detonation frrom that of strong
blast wave M-r behavior was increasingly more evident as energy was
increased. This deviation is primarily due to the fact that while blast
wave velocity decays faster with increasing energy, the critical radii
for detonation increases. It was further observed that at the critical
threshold energy for Kerosene 2 (approximately 1.5 grams) the experi-
mental blast wave datum curve nearly passed through the critical radii-
detonation Mach number intersection. It would appear from this crude
representation that the larger the blast energy used to detonate a fuel,
the quicker the attendent blast decay and the sooner the energy released
by the detonation process has a modifying effect upon this decay. All this
occurs subject to the additional requirement that the proper critical radii-
detonation Mach number constraint is satisfied at each energy level.
The general form of the experimental M-r curves of Figure 31 then
presents the picture of a wave process initially dominated, but slightly
modified, by the generally characteristi lecay of a strong cylindrical
blast to an energy dependent critical distance. At *his critical point an
abrupt transitivi: 10 a detonation dominated wave process occurs. A
dependency of the final detonation velocity upon the initiation energy

appears to show up to some degree in these curves. Af this time, however,

95
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swch 2 dependency can only Je conjecture in view of the error tolerances
associated with the data reduction technique used to obtain these curves.
Many such dependencies should be more thoroughly established with the
subsequent use of the detonation regression model.

Plotted in Figure 32 is critical radii as a function of calculated
energy. Two analytic curves appear with experimental points for both
kerosene fractions superimposed. The upper curve is critical radii

computed as a function of energy by

1/2

r, ( "o ) (41)

T PRy

where 100 percent of E, calculated is used. The lower curve is critical radii
computed by Equation (41) where E0 is altered by blast wave energy efficiency
discussed earlier. The results are most striking, since a remarkable
agreement occurs between an analytically determined r_ and experimental
values. The same value of }?3/3?1 = 12. 55 was used to compute Q for

both kerosene fractions, thus making possible the representation of

experimental r  values on the same plot.

4, Gas-Phase Detonation Results

Ixperiments have been conducted in gaseous MAPP-air mixtures.
Experimental runs were made in these mixtures for a constant pressure
. . 0
of 1 atmosphere and atmospheric temperatures ranging from 19.0°C to

0 . - .
25.7°C. The controls exercised upon the conditions of the detenation

i
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runs were over a broader range than those presently exercised upon the
two-phase detonation run: . Experimental data on wave propagation as
a function of radius was obtained for a systematic variation of initiation
energy at each of eight different equivalence ratios as given in Table VI.
It was deemed necessary to establish the composition of the MAPP-
gas used for the detonation tests. Consequently,a gas chromatographic
analysis was performed upon several samples of the pure gas as well as
upon the eight MAPP-air mixtures. The analysis was performed upon a
Varian 90-C gas chromatograph with the conditions specified in Table XI.
Figures 33 and 34 give examples of gas chromatograms produced
by the analysis. As is apparent from the chromatograms, separation of
the constituents was very well defined despite the fact that they were very
nearly of the seme molecular weight. Figure 33 is a chromatogram for
pure MAFP, while Figure 34 is for a 10 percent MAPP-air mixture. The
jump in the base line between air and propane is due to a scale change
necessary to keep the traces on scale. Table XII lists the significant
properties of the MAPP gas used during the tests. Once established
these properties were used as input data to obtain characteristic gas
detonation parameters from the previously mentioned NASA program.
Given in Figure 35 are plots of these parameters. An anomalous density
ratio behavior shows up for equivalence ratios nearing 3.0. The primary
reason for this is due to the appearance of solid carbon in the combustion

products.
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Propane Propadiene

Methyl

Acetylene
Figure 33. MAPP Gas Chromatogram.

| \\/J\

Propane Propadiene Methyl

Acetylene
Figure 34. MAPP-Air Gas Chromatogram (10% MAPP)
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TABLE XI. GAS CHROMATOGEAPH ANALYSIS CONDITICNS

Column:
Length 10 ft
Inside diameter 1/4 in.
Composition QF-1 30% on 60-80 chromosorb
Settings:
Column temperature 55°F
Detector temperature 150°F
Injector temperature 30°F
Helium flow 11 ml/min
Filament current 100 milliamperes
102
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TABLE XII. MAPP GAS PROPERTIES

Molecular Weight

Density (slugs/ ft3)

Stoichiometric equivalence

ratio (()2 basis)

Composition
Methyl Actylene
Propane
Propadiene

41.0

0.1126

0.302

51.0%
26.0%
23.0%
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Appearing in Figure 36 is a sample series of radius-time plots of

rovgh detonation data for concentration of 9.7 percent MAPP (by volume)

in air. The threshold ignition energy for this concentration was selected

to be 1.6 grams Detasheet. It is at this energy where the curve first

begins to suggest a constant slope, implying constant propagation

velocity beyond a given radii. A similar series of curves were generated

for each of the otner seven concentrations to establish the dependence of

critical threshold energy upon MAPP concentration. This dependence is

displayed in Table XIII, and it is plotted in Figure 37. The characteris-
tically narrow U-shape of the MAPP-air detopation curve has been
satisfactorily established. The limits of detonability found for the MAPP
gas used were from 2.9 percent to 10.5 percent by volume. The rich
limit is an extrapolation of data taken up to MAPP concentration of 9.7
percent by volume and represents a reasonable extension of the data.

It is of interest to examine these detonation limits in light of other

recent experimental results. Table XIV represents a comparison of

detonation limits on a percent volume basis between four separate experi-

mental studies. By using the Crawshaw-Joncs Apparatus, it was found

that detonation limits of MAPP-air mixtures widened with increasing

(11)

initiator energy. Yet the bag tests of Benedick et al. (10) and Collins

did not confirm this functional dependency. Similarly, the present study.

o)
158




o

il ||i|||||.|‘|.|.h‘.||| |||f||||||‘||| B

| I
il iﬂ“l

i 'i.‘nnnml

G

i

1|“|| i

il

'ﬂ\fu i

il

?

il

i hn "ﬁl"n illﬂl‘hl";u:‘u |}u

WMWWWWWWWMMW i L R

Radlue/10 (n.

Figure 36(a)
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Figure 36(b).
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. 9.7% MAPP-Air Detomtion Data, 0.75 gram

23 - //

20 |
18
.0 &

oS ¢

- i 3 —t
.0 1.0 2.0

Time/100 peec

9.7% MAPP-Air Detonation Data, 1.0 gram
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Figure 36(c). 9.7% MAPP-Air Detoration Data, 1.25 grams
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Figure 36(d). 9.7% MAPP-Air Detonation Data, 1.4 grams
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Figure 36(e}. 9.7% MAPP-Air Detonation Data, 1.5 grams
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Figure 36(D. 9.7% MAPP-Air Detonation Data, 1.6 grams
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Figure 36(g). 9.7% MAPP-Air Detonation Data, 1.75 grams
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Figure 36(i). 9.7% MAPP-Air Detonation Data, 2.5 grams
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TABLE XIII. CRITICAL ENERGY THRESHOLD FOR
MAPP- AIR MIXTURES IN THE SECTORED CHAMBER

¢ Percent MAPP in Percent MAPP in Effective Initiator
Air by Weight Air by Volume Euergy

ft-1bf | ft-1he/ft

2.20 13.33 9.7 3875.3 | 408,664
1.90 11.69 8.5 2243.0 | 236,190
1.49 9.43 6.8 1011.9 | 106,553
1.30 8.36 6.0 793.4 83, 545
0.90 5.92 4.3 647.9 68, 234
0.78 5.12 3.8 1144.1 | 120,471
0.59 4.40 3.3 2039.2 | 214,731
0.56 4.00 2.9 4160.7 | 438,118
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TABLE XIV. DETONATION LIMITS OF MAPP-AIR MIXTURES BY VOLUME

Method Tnitiator ower Jpper
Crawshaw-Jones Apparatus 1 gram, PETN 4.1 7.8
Crawshaw-Jonss Apparatus 10 grams, PETN 2.4 13.7
Crawshaw-Jones Apparatus | 100 grams, PETN - > 30
Bag Test 800 grams, C-4 2.9 10.2

(672 grams, PETN

equivalent)
Bag Test 386 grams, PETN 2.9 9.1
Sectored Chamber 2 grams, Detasheet| 2.9 10. 5%

'C*(1.57 grams,
PETN equivalent)

a
Extrapolated from test resuits taken up to 9.7percent by volume.
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using initiator energies two orders of magnitude smaller than the latter
two studies, tends to cast doubt upon such a dependency. There is ab-
viously a need for further work on this subject.

A further comparison was performed to examine the critical threshold
energy limits of the present study relative to those of recent AFATL bag
tests by P. Collins(n). Figure 28 is a plot of nondimensional critica
threshold energy as a function of MAPP concentration by weight for the
two mentioned studies. The nondimensional energy, E, was arrived
at by dividing all energies for a given study by an energy selected from
this data as the standard. The standard for each study was the value
of critical energy corresponding to 11.7 percent MAPP by weight.

This standard is not absolute, but rather it was convenizntly chosen to
demonstrate velative trends in critical energy since data was obtained

in both studies at this MAPP concentration. The comparison reveals the
present study produced data suggesting a slightly broader and slightly
shallower characteristic threshold curve. The broader detonability

limits in the present study are supported by the fact that the MAPP gas
used hagd a higher percent of methyl acetylene present as compared to

the MAPP used in the bag tests. The composition of the MAPP used in
the bag tests is reported to have approximately the composition 37 percent
methyl acetylene, 25 percent prodadiene, 20 percent propane, 9 percent

C4-carbon compounds (mostly n-butane) by volume.
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Figure 38. Comparison of Current MAPP-Air Detonation
Initiation Limits with AFATL ""Bag" Test Results.




It is apparent from the foregoing discussions that the experimental
phase of this research continues to lend encouragement to the prediction
of gas-phase and two-phase detonation wave properties and threshold

energy levels required for detonation initiation.
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APPENDIX 1

CALCULATION OF BLAST WAVE IMPULSE

As indicated in Reference 1 the self-similar blast wave solution can be
found in analytical form. The apalyvtical solution, which is given by
Sedo$4)and repeated here, is expressed with the dimensionless velocity
V as a parameter. V(}) is related to the dimensional velocity v by

v ={(r/t) V(}) (1-1)

With Vo, Pys P and T, the velocity, censity, pressure, and tempera-

2)
ture immediately behind the leading shock the analytical solution is as

follows:

)

r {v + )y + D) ‘a-z/(zﬂz)

y+1H{v+2y
r 4 y-l[ 2 V“l]

S

o
: 1
v+ +1) 2+ vy -1) |
* {(V+2)(}’+1) —2[2+v(y—1}][j‘ B P) V_‘ (1-2)
g_=(>'+2)iy+1) V_;_ (1 3
2 s
( 3 '
p _jy+1fv +2)y . Y+ 1 v+2
;'5_{7‘1[ 2 ‘1]‘ [Yl(l 2 V)‘_\
%
v+ +1 2+u(y -1)
X{(V+2)()’+1)-2[2+v(y—1)][1' _T—"V] (T -4)
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oy~ 20ty

(v+ 2y +1) T 2+uy - 1) i

x{(vw)(wﬂ)—2{2-v(~f-'-1)][}‘———2 ‘E] (1-3)
P

L.p 2.) P

T pz(p (-9

where

17 2+vly-1) 2

For the blast wave solution V lies in the range

—2_<v< 4

= w+d(y + 1) (T-7

The value of V = 4/(v + 2)(y + 1) correspoads to a point immediately
behind the shock wave and the poiat V = 2/(v + 2)y corresponds to the
singular point at the center of the blast wave.

Equations (I -2) to { I-6} have been programmed for the computer

to produce the variation of v :"\'2. p/Pos P/0,, and T/T. as a function

2
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of r/rs. The calculation is startedat V=4/(v + 2)(y + 1) and V is
allowed to approach the blast center value of 2, (1 + 2)7. As a check
several cases computed by Sedov(q) were also determined using the blast
computer program and exact agreement was found.

A separate computer program was developed to compute the param-
eters B(y, v) from Equation (19) and @(y,v ) defined by
2 v+l 1 v+l

1

v-c LRy d (1-8)
C!Y,V—O’v -2-‘] A dk+‘yj Pa A
d

0

It is important to recognize that p/p2 and the similarity variable P(})

are connected by the relation

P (_p.) 8 L
Py (v + 2)2()/ +1) Az

The above computer programs and sample outputs are available on

request. Typical variations of p/p2, v/vz, and T/ T, with the ratio of
specific heats ¥ and with the geometry parameter v are shown in Figures

I-1 to I-6.
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Figure I-2. Variation of Blast Wave Velocily with ;.
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Dimensionless Pressure vs Distance
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FigureI -4. Variation of Blast Wave Pressure with Geometry: ;7 = 1.3
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APPENDIX IT

CALCULATION OF THE GROUND IMPULSE
FROM A CHAPMAN-JOUGUET DETONATION

As indicated in Reference 1 the conservation equations describing the
self-similar flow behind a Chapman-Jouguet Detonation can be reduced to

the single ordinary differential equation

2 [2V-1)7 + (v - Dry-DV(V-D) - 22]

gz _ : (II-1)
N yv-n? - e
where V is a dimensionless velocity defined by
v = TV (11-2)
and
P 2
2=V g p=p1(r/t?)P
(I1-3
p=pR

Y9 is the ratic of specific heats of the combustion products. Integration of
Equation (II-1), which must be carried out numerically, is the key problem
in determining the self-similar flow behind a C- J detonation. Once the re-
lation between z and V is determined, the variation of V and z with the di-

mensionless radius A = (r/rc) cau be found by integrating the equation

2
d(ln A) z - (V-1)
_ (11-4)
av V[(V-1)2-v2)
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The flow behind the detnnation is assumed to be isentropic so that z

and R are related by

2 Z Z2
A - (1I1-5)

R2 1.2

Zy and R2 are the values of z and R immediately benind the detonation front

and for a C-J detonation are given by

Y zZ
2 1, -1
R, =] (1+-—=]
2 2+1 74
(11-6)
72 z
zy = 2 5 (1 + )/—1)2
(y2+1) 1
Zy the value of z immediately ahead of the detonation is given by
P
1
Vil —2 5|
i 2
P p,(r /)
2, = v, = = s (11-7)
1 1 R1 (1.0)
since R1 =1.0. Since rg = Ct for a C-J detonation
p
2] 51_
2y = ——2=1——— = Lz (11-8)
C MD

The behavior of th: C-J solution in the z-V plane as determined by

Equation (II-1) has been discussed in Reference 1, and is also indicated in

Figure (II-1) below. Ahead of the detonation frront v and hence V = 0 while

P =py and p = Py Thus, the variable z becomes
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(1-9)

The unaisturbed fuel-oxidizer mixture at r —> « thus corresponds to the

V = 0. There is then a discontinuous jump

Vz) immediately downstream of

point z = 0, V =0, while the point immediately ahead of the detonation front
-2

corresponds to z = zy = MD ;
across the detonation front to the point {22,
the detonation. For a C-J detonation (zz, Vz) lies on the parabola z = (1~V')2

the locus of points where the velocity is sonic with respect to the detonative

discontinuity.

The detonation front is followed by an isentropic expansion through
which the velocity of the combustica products drops to zero at the bourdary

of a stationary core region, which corresponds to the point A: z=1, V=0.

The point A is a singular point which can be shown to be 2 node,and it is the

transition from (z2, Vz) to A which must be determined by numerical integra-
In the physical plane the point A moves radially

tion of Equation (II-1).
outward with the speed of sound and corresponds to the characteristic sepa-
The

I

Uikt

rating the stationary core from the expansion behind the detonation.

stalionary core is represented by the line V = 0 extending from z =1 to

z = ¢ which corresponds to the detonation center r = 0.
At the singularity A, Equaticn (0 -1) becomes indeterminate since both

the numerator and the denominator vanish. The behavior of the solution curve

near A can, nevertheless, be established as indicated below. Lettingz=1 +.£

and keeping only the largest terms with -, V <<1, Equation (I1I-1)becomes
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dl.  [4+w--D]V +2
av -1V (r-10)

with the singularity nowat £ =0, V =0. Equation (I -10) is linear and

can be solved to determine the behavior of th: solution near the nodal point A.

P

If T=-awhenV= Vr.,then in the cylindrical case with v = 2
7 V2 vV
Tz -g +{(y +JV(—= -1) (T-11)
2 A%
v r
r
and
lim £ - -+
V=0

i.e., the solution approaches A with a finite slope. In the Spherical (~.se

with v = 3
2 v vV
i = (y+)V In v oy (m-12)
r T
and
. a.l
lim 'ﬁ—‘-} = -
V-0 ~

i.e., the solution approaches A with infinite slope.

Numerically, Equation (II-1) was integrated using a fourth order
Runge-Kutta Method. The integration was initiated at the point (22, V2)‘
which is known once the C-J conditions have been determined. Because
of the singularity at A, the integration was only extended from V2 to a
minimum value of 0.005 for V. This procedure provided an adequate repre-

sentation of z(V) even near the singular point A. Some typical solution
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curves for v - 2,3 are shown in Figurc (1 -1). The planar case v=1 i3
special since then the appropridte solution of Equation (11-1) is the sinjular
solution

2 = (1-9) (13
representing a plane expansion behind the detonation front.

As indicated above, once the variations of z with V is determined, 2z
and V can be reloted to A = r/rs by integration of Equation (II-4). Then the
density variation can be found from Equation (II-5). Since the flow behind
the detonation front is isentropic the pressure ratio (p/pz) is related t» the

density ratio (p/ p2) by

y
2o (2?2 (T1-14)
Py Py

while the temperature ratio (T/ Tz) is given by
= - (—g—)(gz—) (11-15)
2 2
Equations (I1~14) and (11-15) are, of course, based on the assumption that
the combustion products can be treated as a perfect gas with constant specific
heats.
As a check on the computational technique described above,results for

(4)

v=3p =0, 7 =vy= 5/3, were compared with the results of Sedov' @ who
also considered this case, and exact agreement was found. As a typical

example pressure, velocity and temperature profiles for a methane air
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deteration are shown in Figures (II-2), (II-3), and (II-4).
The impulse functions 6(7'2, V) can be cormpuied once the va riation
of p/p2 with A is known. From the definition of P in Equation @ -3), it

follows that

P = p2 = 5 g_= 22(p_) (O-16)
r, r 2 0,C°X Py
U R 1
t t

e e h
= — 1 + (11-17)
Py C2 2“!~1 "1
§0 that
z
P = 7 1_‘_1) }? E‘(l'*'—l)
Yot \¢ Py 1
and from Equation (25)
z
(1+-5
yl 1 p_ v-1
6(')/2,11) = TT A da; v=1,2
7y 0o P2
I -18)
%1
1+ }—) 1
5(72’ 9 = \1 j Py ay v=3
Yo+1) 132
0
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As indicated in the main body of this report, for MAPP, air
and methane-air detonations tne variations of Yo ¥y and z1 are
sufficiently small that 6(y2, v) essentially depends only on the geo-

metric factor v.
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APPENDIX 11

CALCULATIONS CF CHEMICAL EQUILIBRIUM IN
CHAPMAN-JOUGUET CONDITIONS
The calculation of chemical equilibrium is the essential feature of
the Gordon McBride Program (6). This calculation is carried out by
iteratively minimizing the Gibbs or Helmholtz free energy as described
in detail in Ref. 6. The program computes the equilibrium composition
of gas mixtures with each component satisfying the perfect gas equation.
With the equilibrium calculation as a base the program can carry
out the following calculations:
(1) Chemical equilibrium for assigned states (T, P), (H, P), (S, P),
(T,V),(U,V) or (8, V).
(2) Theoretical rocket performance for both equilibrium and
frozen compositions during expansion.
(3) Incident and reflected shock properties.
(4) Chapman-Jouguet detonation properties.
Condensed species as well as gaseous species can be considered.
The program includes thermodynamic data for 62 reactants and
421 reaction species in the form of coefficients for polvnomials fit to
the data by the method of least squares. The data is taken mainly from
the JANAF tables (JANAF Thermochemical Tables. Dow Chemical Co.,
Midland, Mich., Dec. 31, 1960 to June 30, 1970. Also Ser. A, June
1963; Ser. B, Jan. 1964: Ser. C, April 1965; Ser. D, Mar. 1966;

Ser. E, Jan. 1967.)
135




The program input specifies the oxidizer and fuel composition
enthalpy and density in the case of the C-J option. Certain code words
specif{ying which option is to be used must also be specified.

The output tabulates tle properties of the burred and unburned gas
and the detonation parameters pz/pl, TZ/TI’ '7722/771, pz/pl, and
detonation velocity C. The program also provides the final equilibrivm
composition and a list of the products considered in the calculation.

A typical input and output for the calculation of the properties of a
raethane-air detonation is reproduced below. Detailed instructions for
use of the program and sample inputs and outputs are presented in

Ref. 6.
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